The fitting function of temperature dependent c-axis lattice parameters
The anomaly of c-axis lattice parameter at TN was interpreted using the exchange striction effect. The length contraction occurs in proportional to the square of magnetic order parameter, 2 / l l m    S1 . Provided the magnetic order parameter follows a power law with an critical exponent (c) with respect to reduced temperature below TN, we can write the length contraction due to exchange striction for T < TN:
Considering the overall linear temperature background, we can write the c-axis lattice parameter as a function of T at an Néel temperature T': (1 / ) for ( , ) for
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In our model, we took into account spatial inhomogeneity arising from compositional fluctuation. Thus, the temperature-dependent curve should be convoluted by the following Gaussian distribution of Néel temperatures centered at TN with a standard width (w):
Accordingly, the final form of our model can be written as:
*( ) ( , ) ( ) c T c T T g T dT
The critical exponent c was set to be 0.25 which is close to the middle value between that (1/8) of two-dimensional Ising model and that (0.365) of three-dimensional isotropic Heisenberg S1. Chikazumi, S. & Charap, S. H. Physics of Magnetism (Krieger Publishing, Malabar, Florida, 1978) .
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Guillou, J. C. & Zinn-Justin, J. Phys. Rev. B 21, 3976-3998 (1980) . 
La doping ratio

Landau phenomenological theory
We built up the phenomenological Landau free energy considering competition between the structural/ferroelectric, magnetic ordering, and spin-lattice coupling energies S3 . The monoclinic tilt angle  was experimentally determined with x-ray reciprocal space maps (RSM) as a function of La substitution ratio x, as explained in the Figs. S2-4. Although the  should be an order parameter in a strict sense, the larger energy scale of the terms directly related to  compels it to its pristine value preferentially and it is less modified by the other structural and magnetic transitions. In the context, we note that temperature-dependent monoclinic to tetragonal transition in pure BFO occurs at the higher temperature of 700 K with a quick decrease of  near the transition temperature and that  does not vary severely with the temperature in the range of measurement S4 . Even the MA to MC structural transition across ~370 K only changes the value of  from 2.07° to 1.99°2 0 . At x = 0.1, we also checked the value of  at 10 K was nearly the same as the value at 400 K within an error of 10 %, which justified our assumption. However, we must be cautious when considering the samples near x ~ 0.2 in the regime of a quantum phase transition, because all of the energy scales that include the -related terms are significantly smaller and are more likely to be comparable with one another.
In the model calculation, the bare ferroelectric reorientation transition temperature between the MC and MA ferroelectric phases was expected to be coupled to the monoclinic tilt angle  and
approximately up to the first order term in  expansions. Besides, the bare antiferromagnetic transition temperature TN was fixed to 360 K because the A-site trivalent ion substitution is expected to not severely change the TN. B-site random substitutions with other magnetic/non-magnetic ions tend to prominently increase the magnetic frustration, leading to the suppression of magnetic long-range orders and the appearance of spin/cluster glasses. For the time-dependent simulation at x = 0.1 and T = 300 K near the triple phase point, we tracked the order-parameters (, L) over time in a quasi-static manner, changing the external electric field sinusoidally. The hysteresis curves were simulated through sequential iterations at the following rates:
where the kinetic coefficient  = 0.5 and a time step t = 0.01. The electric field sweeping rate  = 2/150 was thus slow enough to find the instantaneous local minimum. 
. After electrical writing of the four concentric square frames with inner boxes prepared by effective in-plane electric fields pointing along directions of 45°, 60°, 75°, and 90°
respectively, vector PFM measurements were performed in the resonance enhanced mode S8 .
For each electrically prepared pattern (i.e. concentric square box), both out-of-plane and inplane piezoresponse images were acquired using the same tip at eight distinct orientations (i.e.
0°, 41°, 88°, 141°, 176°, 231°, 270° and 315°) between the axis of the AFM cantilever and
[010] crystallographic direction of the sample. These different imaging geometries (i.e.
orientations between the cantilever axis and [010] direction of the samples) were achieved via physical rotation of the sample with respect to the axis of the cantilever. For PFM imaging, the typical frequency range for the applied ac imaging voltage in the out-of-plane and in-plane PFM mode was in the range of 1100-1400 kHz and 1500-1800 kHz respectively, with an amplitude of 1.0 V (peak-to-peak). During piezoresponse imaging, scanning parameters were the same as mentioned previously except for the scan rate, which was 0.9 Hz.
The angle-resolved analyses for the measured in-plane PFM images were performed to visualize local in-plane piezoresponse vectors S7 (Fig. S13 ). Each set of eight in-plane PFM images were aligned to correct pixel misalignment arising from tip-drift issues during the measurements. Several particular positions including the step terraces and the poling box edges were selected as reference points to find the coordinate conversion matrices amongst the If we assume the oxygen vacancy is mobile in an electric field, the electrically-formed region is subject to a non-equilibrium distribution of oxygen vacancies leading to locally p-type or ntype doping states depending on local oxygen vacancy concentration relative to the cation vacancies concentration.
Consideration of possible involvement of oxygen vacancy migration during electrical poling
The quantitative thermodynamic analysis of defect formation in BFO was reported based on the Kröger method of quasi-chemical reactions S9 . According to the defect chemistry analysis, bismuth vacancies are a majority of defects in BFO and they are compensated by spontaneous formation of ionized oxygen vacancies in oxygen partial pressures (less than a few atm). This self-compensation tendency becomes more favorable in nanostructures like films and wires. The theoretical work has also estimated that the concentrations of bismuth vacancies and oxygen vacancies are less than 10 16 cm -3 for BFO in thermodynamic equilibrium at an oxygen partial pressure of 1 atm. We know the value of concentration is a pretty small number taking into account that stoichiometric BFO contains oxygen ions as much as 4.8 x 10 22 cm -3 .
The likely mechanism for the electroresistive switching: The observed conduction enhancement in the positively sample-biased region ( Fig. S18 ) can be explained in the context of the oxygen vacancy migration scenario. Although it is challenging to experimentally quantify the oxygen vacancy concentration in the as-grown state, we may get a sense of it by comparing with a better-known system such as Ca-doped BiFeO3, which has shown similar resistive switching behavior associated with oxygen vacancy migration. Moreover, the defect concentration can be estimated quite accurately. The chemical composition in the as-grown state is Bi1-xCaxFeO3- times thinner than that of the Ca-doped one regardless of the use of a similar measuring voltage and in addition the poling electric field strength used for La-doped BFO is higher. Although we have barely detected the conduction modulation by using a highly sensitive current amplifier at a few pA level, the deduced modulation of oxygen vacancies is too tiny to explain the observed dichroism. Furthermore, we came to know that the La-doped samples are more resistive than the pure BFO sample, further supporting our above argument (see Fig. S20 ). It is likely due to the fact that the isovalent substitution of La ions can partially suppress the creation of bismuth vacancies as well as oxygen vacancies S11 .
Symmetry considerations for the observed dichroism: Even if the oxygen vacancy migration
scenario can successfully explain the resistive switching behavior, the oxygen vacancy migration is not compatible with the observed dichroism according to symmetry considerations.
The L-edge absorption peak of Fe ions undergoes a blue shift when holes are doped (or the number of electrons are reduced), while it is shifted toward the left when electrons are doped (or the number of holes are reduced) S12 . If the oxygen vacancy migration were the main origin, the dichroism spectrum (PP-UP) in the positively-poled (PP) area relative to the absorption acquired at the unpoled (UP) area should have been opposite to the dichroism (NP-UP) in the negatively-poled (NP) area rather than the observed same polarity in Fig. 3c .
Charged point defects like oxygen vacancies show odd (with respect to symmetry) responses to the direction of electric field. For example, in the resistive switching behavior observed in doped BFOs, the positive sample bias induces a more conductive state but the negative bias works in the opposite way. On the other hand, our observation in the dichroism has the even character in response to an applied electric field (so called axial dependence). The axis of electric field is the main control parameter but the sign of direction is not important. To create the magnetic ordering, the in-plane electric field should be parallel to the <100> crystal axes; it is clear that whether the direction is [100] or [-100] doesn't matter considering the fourfold rotational symmetry around the film normal. Similarly, the written effect can be erased, provided the in-plane field satisfies an axial condition i.e. parallel to one of the <110> axes.
Because of this, the second electric polings by the same out-of-plane electric field over the regions with a magnetic ordering lead to completely different results depending on the axis of in-plane electric field (compare Fig. 3b with Fig. 4d ). The electric poling made with a slowscan-axis of [010] maintained the magnetic ordering (Fig. 3b) , while the poling along a slowscan-axis of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] erased the magnetic ordering with returning the state back to the original as-grown state (Fig. 4d) . This dramatic slow-scan-axis dependence regardless of the same initial state of sample and the same out-of-plane electric field direction leads us to the physical origin associated with the structural phase competition.
With this in mind, although the oxygen vacancy migration can be partially involved in explaining a secondary difference between the PP-UP and NP-UP dichroisms and may originate in a weak (a few pA level) resistive switching behavior, it is not the primary mechanism to induce the observed dichroism. Figure S1 : The dielectric anomaly in BLFO. a, Temperature dependence of the capacitances measured at 100 kHz. All of the measurements were performed using the interdigitated electrodes described in the inset upon cooling. The polynomial backgrounds were presented by dashed lines. b, The dielectric loss tangents. The data were vertically shifted to avoid overlapping. Provided that the effective area of the interdigitated electrode capacitor is assumed to be the product of total length of electrode and film thickness, 1 pF in capacitance corresponds to a relative permittivity of 347. Figure S4 : Crystalline structural information extracted from the x-ray diffraction studies. a, The structural information of the series of BLFO samples is summarized. b, The monoclinic tilt angle () gradually decreases at higher La doping and diminishes near x = 0.2, indicating a doping-driven structural transition from a monoclinic to tetragonal structure. The decreasing tendency follows a power law with an exponent of 0.5.
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[00L] structural contributions, by subtracting the local absorption of un-poled (UP) area from that of electrically poled areas (PP or NP). The magnetic dichroisms obtained with the microspectroscopic approach match reasonably well with those of the corresponding curves from the focused-beam spectroscopy, showing a major dip at 709 eV. All of the investigations shown here were conducted on a paramagnetic Bi0.9La0.1FeO3 sample at room temperature. We found that this behavior was reproducible in other areas and different samples. 
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[100] Linear dichroism
Photon energy (eV) A solid star is marked on the anomaly originating from water freezing. An empty diamond is marked on the anomaly arising from temperature control instability near the starting point of 400 K for the cooling run. The temperature-independent offset in capacitance became severe as the frequency approached 1 MHz, due to significant BNC cable impedances at high frequencies. However, the inner box shows qualitatively the same current map, thereby showing poling drives no irreversible changes such as material damage. All the scale bars represent 2 m. The BLFO film thickness was ~13 nm to prevent involvement of mixed phase area and a Pr0.5Ca0.5MnO3 layer was deposited underneath the film as a bottom electrode. For comparison, we prepared a pure BFO film with the same film thickness on the same bottom electrode and substrate. The current level is quite low (less than 10 pA at 3V) regardless of such thin film thickness. Current enhancement via oxygen vacancy migration, e.g., in Ca-doped BFO has been reported to be thousand times larger even at a thick film thickness of 100 nm (Ref. 15). For the conversion to resistivity, the effective area of electrode was assumed to be the product of total electrode length (0.217 m) and film thickness (30 nm), and the length of resistor was the 20-m gap between the electrodes. For the pure BFO, a double-diode-like feature was observed probably due to a Schottky barrier between BFO and Pt electrodes. Besides, La-doped BFO samples are highly resistive and their current levels are comparable to the sensitivity limit of our instrument exhibiting more than one order of magnitude lower current than that of the pure BFO case. The result offers a pathway into how to reduce leakage in BFO films by isovalent La substitution. 
